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FOREWOKD

Progress Report on Task 11§ "Preliminary Review of Major
Information Gars"

This is the third task on the engineering study "“Literature

Survey and Ana ysis of Liquid Propellant Rocket Engine Com-
bustion Prucesses™.

ABSTRACT

A preliminary review of major information gaps is presented
herein., This presentation is based on preliminary reviews ‘

on approximately 5,000 article abstractc against the pre- -
timinary outline presented as the summary of Task I1 in the
previous regort of this series. Ia  few»f the areas does
there appear to be adequate detail to cumiletely fill in
_the outline as presented.
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TASK STATMENT
ABSTRACT JF PROGRAM STATEMENT

This effort has been analyzed and set ug in 1ine tasks.
A literature search and analy<ic ,.roqgram has an init al
search and acquistion effort foliowed by a periond of in-
tensive review and analysis.

;#

The Preliminary Tasks Are:

) Initiate the Survey

Il Set Up Preliminary Accounting Cutliine

Il Prepare Preliminary Review of Major Infarmation
Gags ‘

Intensive Review and Analysis Tasks Are:

o Iv. Combustion Processes -
-2 v Combustion Supported Waves R
. VI Stream Break-up =
vil Flow, Dispersion and Mixing
VII1 Completion of Descriptive Accounting Outline
IX Assembly of all Flements into an Iatergrated
Picture oo
TASK 111

PRELIMINARY REVIEW OF INFORMATION GAPS : _

This task is the preparation of a preliminary review of
apparent information gaps. This will be accomplished by
comparison of the information available in the abstracts
which have been collected to date against the preliminary
accounting outline as presented in the previous recort.
This will serve two purposes: -

= - - 1, It wi)lrpoint~up those areas where a more
- . s . : diligent search effort maybe required
' . aﬂd B J
. — 2, 1t will point out those areas in which additional
L S work is required even on the basis of this pre-
liminary review. _
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DISCUSSION

REVIEW OF MODEL

In a rocket chamber a very large number of events are
happening simultaneously. Each of these events has its
own series of antecedents and in turn is likely to affect
a series of following events. All of these events are
influenced, -and some of them are dominated, oy the manner
in which phenomena are going on around them or preceding
them. Finally, these phenomena are not unifarmly dis-
tributed in space or in time sequence. A model must then
be capable of presenting the diverse situations which are
occurring in- the rocket chamber over some depth of time.
The model must be capable of developing voth the geometr-
ical distribution of chamber contents and ;henomena but
also the temperal sequence by which these dlstrloutIOﬁs
»f materials and their reactions occur.

It has been decided to take a Stokesian approach and

follow successive and identifiable gas elements as they
are generated, accrue mass and energy, and are accelerated

down the ‘chamber. Such an element will over-take stream
and droplet fields, take up mass through the evaporation
of these condensed phase element, exchange momentum with

these condensed phase fieids and leave behind as they pass

on to other .fields down stream. By following repetitive
elements in this model one will ve able to put together

a spatial and temperal compiiation of the events happen-
ing in a two dimensional type chamber, This model should
be quite capable of handliing stable combustion processes
as well as instabilities of a predominately transverse
nature. It is not obvious at this time how this model
might effectively be utilized to study longitudenal modes
of instability. The mode! has the additional deficiency
of not being able to provide its own initial conditions.
Some prior information about the fields of streams and.
dropiets and their locations, size and velocity distribu-
tions muit be established., A preliminary simpler mode!

'must be used to provide initial distribution of condensed
phase el ments for the first few gas elements to move into

and interact with,

" INJECTYON AND STREAM: LOCATION

“The experimental information which would be necessary to
allow one to r?gorously predict the location of the con-

densed phases -of the propellants in the rocket chamber
at any particular instant is grossly inadequate.
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Given the injection conditions, in order to locate the
condensed phases 11 the rocket chamber it will be necessary
to estimate:

the stream projections, their distortions and instabil.
ities, the positional and time rates of dro. shedding,
the size distributions of the drops shed, the momentum
exchange between the gas flow fields and the stream
and the shed droplets and the rate of mass loss from
the stream and droplets due to evaporation into the
environment,

For a shower-head type injection the stream projection should
proceed undisturbed except for stream instabilities and those
instabilities introduced via aerodynamic interactions. Ffor a
completely laminar flow on ejection the stream should proceed
undisturbed until subjected to sufficient aerodynamic forces
to introduce surface instabilities alternately leading to
stream break.up. 1In highly developed turbulent flow the rate
of stream break-up due to its own internal flow instabilities
should be very predictable. The former case is not a situation
of practical interest or concern in a rocket motor system,
The latter case has been used to study preak-up of streams and
impringing jets. Only on rare occasions however, have actual
1njectors been fabricated so as to produce streams with pre-
dictable degrees of internal turbulence by the time it is
ejected into'the combustion chamber. In the vast majority

of the 1njeci¢d designs the length to diameter ratio is far
too small to produce a predictable hydrodynamic state in

the fluid stream as it exits from the injector face. Under
these circumstances it is not infrequent that minor fabri-
cation variances effect the gross behavior of the ejected
stream more than the actual deszgn parameters drawn up by

the design engineer.

In distorted stream studies, again the vast pbulk of work

has been carried out with streams whose degree of internal
disturbance at the time of leaving the injection device was
unknown. In this area however, lhere has been studies carried
out on paired injector systems in which sufficient L-D ratios
were employed to have streams whose characterization was well
established. With these systems, both the singular case of
"balanced momentum impringement and. the more general cases of
unbalanced momentum 1mpr?ngement have been studied. On this
basis some qualitative information on fan spread and curvature
has been established. Only one group has been found however,
thet has actually designed motor injectors on this principal
so they could operate a motor with some rcasonable a priori
presumption about the true distriobution of their propellants,

?'&&\.
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For impringement systems D3seC 20 more than twd sireams of
for distortion of streame< based 77 splash plate techmiques,
the projection hydrodynamics of these streams are still a
witches brew.

STREAM AND DROP BREAR-UP

A sizable portior of preliminary stream break-up (possibly

all in the case of low aerodynamic influence) esult from
stream instabilities setting up aimenstional irregularies
whose pattern pregictapbility varies directly with the stream
turbulence. The rate and location at which thcse instapy!-
ities occur has gone almost without investigation. the
frequencies of these instabilities which well may set a
pattern for the rates of arrival of concentrations of drog-
lets size has been giver some study. The addition of acro-
dynamic interaction with these surface instabilities freq-
uent 1y accentuates their degree as well as adding additional
lateral movement or displacement to these elements., Asymmetric
lateral displacements resulting from these aerodynamic inter-
actions are frequently referred to as fiag waving. This
latter phenomena frequently photograghed and/or qualitatively ,
described, but has not been subjected to anv rigorous treat- 3
ment., This process is undoubtly an important element 1n the
lateral dispiacement of shed droplets.

The shedding of droplets, from the main stream or fan as the
case may be, is a continuous process in most practical in-
jection systems continuing from the site uf injection to the
final exhaustion of the continuous stream, It is important
to know at which point droplet elements are separated from
the main stream and start interacting with the surrounding
gases as independent entities. The actual work aone in this
area has been quite smal!, there have been a few studies of
the rate of attrition from streams subjected to short pulses
of high ga: flows perpendicular to the stream and there have
been a few very small studies of the rates of shedding of v
microdrogs from the larger drops as & result of high loading ¢
rate acrodynamic shear. 3

The size distribution of drop shed either from impringing S
stream produced fans or from individual streams subjected ° k
to aerodynamic break-up represents one of the brighter areas 4
in this field. These studies, however, have been restricted ) R
to total! pictures of accumulated distribution of sizes. o

There is essentially no information on locational differences
in size distribution from early or late stream or fan break-
up or how much variation there is in size distribution assoc-
fated with the differences in periodic wave fluctation ‘'so
prevalent ir many fan and stream break-up pattcrns,
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Aerocynamic break-up of droplets has been I1oonea at very
extensively. This process has been photagra, hed and de--
fined into three different regimes va<ed on the relation-
ship of the aercdynamic ivading and tte internal cokesive
forces of the dropiet. There has been some effort in these

_ _ studies to provide at lew.st qualitative information on i(he

; times to break-up of the or‘ginal droplet. There has opcen
relatively little effort or the more impcrtant proonlem of
the relative rate of the generation of new surface or the
rates of formation of new droplets and their sizc distribu-
tions,

MULTIPLE PHMASE TRANSPOR! AND DISPERSION

Momentum exchange between the gaseous and the condensed
phased elements affects pboth the processes of the break-
ing up of larger condensed phase elements and tiecir dis-
placement from their original veloacity vectors. 1The rall
of aerodynamic interaction in the break-up in the con-
densed phase clements has already been discussed above.
The roll of two phase transport in dispersion will be
examined here. :

The>drag effects of a fluid flowing at a fixed .elative
velocity passed a rigid sphere have been very well worked

s - out, The drops in a8 rocke combustor are "free floating"
S ' cunits with continually changing relative velocities and

B ;- accelerations. Even assuming the case of rigid spherical
AR particles there is still a considerable scatter of exper-

imentally estimated drag coefficients over a proad range
‘of Reyrolds numbers under these conditions. For aero-
dynamic loading producing Webbers numperz . of say half an
gorder of magnitude less than the cri _ icxi :umper for bag
break-up, tHe .oscillations in ths Gropiet shape due to the
T ~ aerodynamic égag forces are sufficiently small sc that the
vs ' 7 treatment of WHe system as average ricid vpneires is ghite
Lo - reasonable. In some low mass turough-put high contraciion
. ratio rocket chambers the relative velucities are quite.
frequently low enough sc thatr is 7ot unreasonable to - at
droplet sizes up to a hundréd microms as though they were
L, rigid spheres. The relativé velocities occurring in some
S _of the extremely high mess through-put, low contracti=-
R . ratio chambors push this size limit down to more e 'y
oo 1@ microns, = L

e © . In a.large numbér of rocket chamveirs @ sizable ¥raciion of
) the dropiets are subjected to sufficient aerbdyrnasiv load-
,in? to distort them well out of the conventiang! urag co-
~efficient values estimated for rigid spheres. rany of
these droplets would, if they survived long ensugh, either
be distorted to bag formation and subsequent break-up or be

ity m 'I.- - . o N . ' P N . - ‘v - o ' e N ’- ! "



= [ A, - N T e e e b T

&

MULTI -TeCH, INC.

more directly cubjected t> surfhdce shear pbreakh-up. There
have been some prnurams which have deveioped pseudo-drag :
coefficients based on original Jdroplet diametlers. There o .
have been other studies which have atrtem.ted to actually. -
elucidate some sort of a drag cocfficient for the pessary o
and cup shape structures which apgpear 1o te developiag S
under these heavv loading conditions., In rocket combust-

ion activities, the generation of droplet surface for evapor-
ation, is an important rate limiting steg. These processes
which are simultaneously responsible for the more rapid
generation of new surface as well as relatively rapid change
in oosition of these el-ments will be of crucial importance
in the development of a rigorous mogei of rocket compustion
processes.,

5
i

Considerably ltess effort has been found on the displacement

of the continuous stream element< Dy aeradyuvamic forces thun

on droplet studies. Lateral displacement of single jet

streams have been. studied, however, these studies have becen
.related to break-up ctuthes and the cffort spent on analyz-

ing the stream trojectory has been miniimal. The efiect on .
gas drag on streams flowing parallel or near parallel with :
the gas flow have been studied most exclusively in terms

of the stream break-up. No mecation has been found at this

point in the search of any studies of momentum transfer from

the ygas to liquid main streams.

rOMBUSTION PROCESSE:

Droplet combustion has been studied for pipropeilant situat- “
ions on stagnant conditions at zcro G loadings, under con-
diitions of natural convection, and under a variety of free
fail conditions at or near one atmosphere pressure. Sus- :
pended droplet burning studies have veen carried out at ' s
chamber pressures ur to twenty atmosgheres. Free droplets =~ -
have beer: studied while burning under flow conditions up ‘
to and exceeding c¢ritical webber numbers loading, in en-
vironments of one to six atmosgheres pressure. Porpus spheres
and cylinderical rod stabilizcd surfaces and surface dish
burning of liquic propellants have been examined at pressures
from one to ten atmospheres. Under flow conditions up to

a Reynolds number of 10,000 under both study state and oscili-
atory conditions. There is a great paucity of studies of

drop or other burning elements under conditioans exceeding : i
twenty atmospheres leaving those very important regimes approach- o
ing, passing and exceedun the critical pressures virtually L
unerplored. VYirtually all the abovg '§tudies have been carried
out with on' liquid rlement suspended in a semi-infinite at-
mosphere of the otheér propellants as a gas, There have been
some studies in which the gaseous e!ement was diluted with

an inert di luent . . : e
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1+ 3 chamber where the bicrojellants are injeciec with a
system of line-on-like imp-iwing iet. tre oreasr-up of the
cariticular propelia~t occurs where the 123l <ituation is
domisateo by that particuiar pragcllanr. This meaas that

a =izable fractio~ of the fuel droplecis, 11 a rochker., are
19t going to purn  in semi-infinite atmosphere of oxidizer
gas but rather wi.l be burning in an atmosyhere of fuel rich
gas and combustion products and analogously the oxidizer
aroplets will not be burning in semi-iafinite atmos;bere of
fuel but wiil De burning in an oxidizer rich atmosghere con-
taining combustion oproducts. 1hese situalions have rol Deegn
given appreciable study in under heterogencous £ONGit:10Ns.
One is, therefore, left at this time to try to build rocket
combustion models for umixed bifrogellant systems with 10
real experimental informatid>~ on the processes of aroplct ‘
- combustion as they are most likely to be occurring. Compustion :
studies have been carried out in droplet sgray fielgs. Tne
results of these studies are comgatible with the assumptions
of combustion driven finw and wave fields and the shattering
of droplets in these high velocities fields. These studies
rave not as yet been.given rigorous analysis.

Monopropellant combustion studies ‘have been carried out on
droplets, porous spheres, and exposed liquia surfaces. Neither
as wide a variety of these materiais has been studicd nor

have they bcen studied under the variety of conditions which
have been employed for the examination of bipropellant type -
systems. Again, like the bipropellani <ystem, the amount of
combustior studies have for the most gart been carried out

under conditions which do not simulate those found in a rocket
motor. Typicaliy the monopropellant is allowed to purn in a
semi-infinite cool atmosphere of an inert gas.

In the pipropeliant liquid system, it i< assumed to Dpe reason-
able to treat thne consumgtion of dronlets and other condensed
phase elements as though they are independently being consumed
with their own local flame interaction with their own local
environment. - One must still recognize the point that this

has not accomglished the complete compustion and ultimate energy
- release for these propellants. Each fan projection in these
"systems is a localized oxidizer rich or fuel rich gas gener-
ation system, Further energy release will result from the
turbulent gas mixing oetween the zones. In rocket combustion
studies per se, this step has been given essentially no con-
sideratiog to date. There has been developed a modest body

of inform®ion o1 turbulent gas mixing and flames associated
therewi thay § the case of high mass through-put low contract-
-ion rdtio engine systems there is substantial photographic
evidence to show that this subsequent - mixing is by no means
completed by the time the gases reach-the exit plane.-

2 S
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Progeilant combustion perfoarmance calcutationg have buen
carried out for an extremely wide variety of vipropeliarc
combinatinns over very w~ide mixture ratioc for equilibrium
conditions. The titerature is literally inundated with

this type of calcuiation, however under many off mixture

ratio conditions equilibrium values <simply are 7ol a.proached.
Not infrequently tihis results i the production of fragmen-ts
that are refractive to more corpiete combustion when sub-
sequent turbulent mixing brings the local mixiure ratio closer
in 1ine with the over all design value. Thus, while i~ the
gross, the kinetics of most of the reactions which are occ <7 -
ing in our major piprovellant rocket systems are orcers of
mag~itude faster than the rate himiting physical phenomens,
there appear to be numerous areas of local, hineticly in-
hibited situations which impose ultimate limitation on the
total C* values realized. 1n the case of many cooi burning
combusiors designed primarily for driving turpines, the
xinetic limitations are so great as to make performance and
composition calculations based o1 equilibrium assumptions
meaningless.

A e

daay a

Or all the fields of sugporting information leading Lo the 3
groass understanding of rocket motor combustion processcs iy
that area of combustion supported waves and wave phenomena : :
has been both the most extensively studied and the least
effectively tied to rocket e gine combustion processes. A
numoer of situations of premixed gas combustion, generating
waves have bean studied and extensively photographed or de-
scribed. when a small discreet volume of premixed gas burns .-
uni formly with diffuse heat addition it drives flow fielos -
and pressure waves ahead of its moving contact surface. This )
expanding gas eiement maybe readily treated as though it were
simply driving a piston of infinitesimal thickness at its
contact surface against the outside gases.

LR D e Ay
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The next step in complexity is that of flame propagating -
down a tube of premixed gases. If one could start out with
ignition across a plznar front, this flame front would, at
{ts onset, start progressing down the tube at “the liaear

IRTINN

burning rate of this particular gas mixture. However, as Y
soon as the flame frort had progressed a finile distance we DA
would havg accumulated behind the flame front hot pressurized 3
gases which would now start -acting as a hot. gas piston push- o

ing both the flame and the gases ahead of the Flame front
downstream. The flame front will now be moving into gases
which already have a forward velocity so that the flame front
appears to be accelerating relative to a stationary point of
reference but at this point it is not accelerating relative: .




g

ASY

MULTT -TECH, THC.

to local gas rarticles dowdictream of the flamc. The gas
velocities in front of tne flamc frant ' owever, arc Deing
accelerated due to prescure driven flow fields sctting up

a shock front ahead of the flamec front with flow fields
between the shocx froat and the fiame froat itself. The
viscous behavior of the gas will set-up velocity gradients
which the flame front will follow generating a more extended
burning service and producing a higher rate of pressurc and
energy generation, 1hic becomes a progre<sive <ituation
with a positive feedback. Accelerating laminar flow gives
way to turbulent flow which even more ragidly increases the
extent of the flame front surface and the dept of iavolve-
ment. This situation proceecds until the mechavnical energy
pushed into the flow fielcs between the fiame zone flow

and the shock front is raised t» a3 pcint that nearly simui-
taneous combustion occurs throughout this zone and a <tao-
lized detonation wave is estaolished subsequently down

" stream. Having reached a stablized detonating concition we

[

now are again in a regime in which rigorous analytical cal-
culations may pe made and verified by experimental stucies.
It is in this intermediate area between when the laminar
flame ceasss to be a planar phenomena up-until the establish-
ment of a stablized detonation for which there is an acute

lack of enalytical treatment. It is this authors orinion

that it is this intermediate transition zone which most

nearly corresponds to the phenomena occurring 11 a liquid
rocket engine, The growth of individual waves as a result
of combustion processes in a heterogeneous ficld has peen
studied 17 a spray fields, dust fields and through porous

solid beds. This area, however, has ndt oeen brought to

the point wherein @ rigorous analytical treatment can effect-
ively and predictably describe this phenomena in general.

‘The simpler case, however, where localized energy addition.

“will drive we s or maintain standing weves has Gteen develo,ed

to a consider.oly greater extent. Thestimplest of these

‘situations i< probably the driving of an organ pipe resonance

with a heated screen at one end of a tube. O0f a similiar
nature are those systems in which longitudenal oscillations

‘are driven in premixed gas motors of high L#*, In general

the flame front is very shallow and very close to the in-
jector face. The heat source can be treated essentially

planar and one might 3imost consider this eguivalent to

assing cold gas over a neated screen with nearly infinite
eat flux capabilities with the subsequent heated gas flow-
ing outward through the resgmance chamber.

‘There have been numerous studies of wave attentuation in

heterogeneous systems. These studies have included pboth
~sound fleld and finite insensity wave attentuation studies.
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The range of media from heterogeneous uniixed turbulent
gas flow fields to dust sgray 3erosd>l or draoplet entrai-co-
ields, in a gaseous medium through the coinglete range of
two-phase gas liquid fielas gas fields as well as an ex-
tensive variety of gas solic fields have peen studied. LOSS
factors for individual finiie waves, propagation through
a wide variety of size and concentration regimes, appear te
be extensively stucied., From the apstracts which have peen
surveyed thus far no one has attem.ted to break out the
causes of loss factors such as a relative contribution
of mometum exchange and/or wave defraction in these hetero-
geneous systems. These studies on finite wave attentuations
have been carricd gut on individual waves. No similiar
studies have as yet been found on heterosuerse fields of
finite waves.

There are an extensive body of studies on finite wave inter-
actions with waves and with other discontinuities. These

- studies have covered weak intermediate and strong rinite
waves, including the interactions, squarely or oblicuely,
with compressiveé’ waves, expansive systems, flame froats and
other discontiwwiities.

The problems of diffuse energy additions appear to have been
satisfactorily treated, if it can pe assumed that one is deal-
ing cell by cell with a sufficiently small cell that the

rate of energy addition throughout the cell is not grossiy
different than <ome average value taken for that element.

The problem of mass loss through diffusion to the wall of
the system or via condensation to condensed phase elements
has been treated. Hcwever, the converse proolem 5f mass
addition to the gas siream has not been treated because of
the inherent problems of converting a one dimensional pro-
blem into a two dimensional probliem. [t does seem io be
distinctly possible within the available analytical approaches
to treat the problem of mass transfer from the condensed .
phase to the gaseous phase., If this is considered to be done
on a sufficiently diffuse basis that, for the cell under
consideration, the over all one dimensional characteristics

of the flow are not grossly disturbed.

It would appear therefore, that the pronlems of introducing
combustion supported wave analysis into an overall rocket
combustion model are not primarily those of a serious or
gross deficiency of the basic parts but rather are ones of
the monumental! effert of fitting rather numerous detailed
pieces together in order to describe such a complex and
variable system., The flow phenomena associated with these
processes may be readi'y expressed in the form of eliptical
differential equations. While these forms are not readily

-
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amendable to casy analylical solution tnere sre weli estaplish-
ed grachical techniques for the treatment »f these henomna

3< they occur 3< individual eve~is. The proplem of treating
this more comglex system arpears t5 be oa¢ »f working oul a
sufficiently adequate bookkeep 110 <ystem in order (o con-
tinuously keep tract of the multiple compornets of a large
number of small ceils.

MISCELLANEOUS

There are several! areas whicth were covered in the gencral
outline presented in Prongress rReport No.o 11 of this series
which have noi been reviewca to this point.

The effects of flow conditions leading up to the entrznce

to the rear side of the injecctor may well have significant
contributions to the flow patierns of the jet streams en-

tering into the chamber.

There has been an increasing interest 1n an experimental
studies of two phase prepellant injection systems. These
inctude gas liquid systems in which gas is added to modulate
the propellant flow in a bipropellant system. Solic-liquid
system slurries and solid powders entrained in gases have

- been considered over a number of years and are still being
- activel, considered as means of increasing the heat release

funciions of the propellants during combustion. while all
these multipie phase flow systems have markedly altered
fluid characteristics in regard to break-uy and dispersion
patterns which undoubtly have major beariags on the comn-
ustian evficiency and s{abilities there have been virtually
no studies of these basic problems tut rather the systems
have been studied predominately in model motor firin-gs.

Propellant groperties have not beer reviewed on a propellant
by propellant basis. The protlems of chamoer geometry have
not been considered in this discus<ion, Thioughout *tnis
discussion it has been assumed tha. we were dealing with a
model selected from a conventional champer geometry with
monotonic flow., It is not believed th-t this model wauld

e applicable, for example, “or a ‘oro.dal shajed chamber
whether for reverse flaow or 10or a spite-tyre nozzle,
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A number of mwajor informatinn gaps can oc licieg at this

time as the result of the ,.reliminary review of *he aostracts

{more than 5,000) which have been received to date.

1. Injection anc Stream Location: :
There is inadequate fluid dynamic characterization
of the streams effluxing from most injectors.

There is a scarcily of quantitative infarmation on
stream distortion behavior.

2, Stream and Drop Break-up: ;
There is no data to speak of on the time or -0
positional rates of stream and droap break-up. ¥

3

3. Multiple Phase Transport and Dispersions: E

%

There are no well develored drag coefficients for i
accelerating particies in variabple relative velo- M
city fields. N
5 N
There “has been no effective developmeat of dray 4
coef fwilnts of rapidly distorting draps. }
The aisplacement of streams by aerodynamic loao- .
ing has been only sparsely studied. =
The aerodynamic accentuation of stream instabilities i
has been quslitatively descrioed pbut not treated %
quantitatively. o5

L. Combustion: Jg
Drop burning studies need to be executed in the N1
near, trans, and supercritical pressure regimes, i

i

Orop burning studies need to be executed in the oA

off mixture ratio regimes which occur in fuel or - o

oxidizer fans. 4

Non-equilibrium "performance' caiculations should T§

be explored for these off mixture-ratio regimes, Bt
} ¥
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